ABSTRACT This paper is focused on composite adaptive control design for master-slave teleoperation systems with a flexible-joint manipulator as the slave. Gravity compensation and time-varying delays are considered. For the master manipulator, the composite adaptive controller with a novel adaptation law is designed to guarantee the parameter estimation error and the tracking error converging to zero. For the slave manipulator with joint flexibility, the proportional plus damping control with gravity compensation is proposed. The stability criteria of the closed-loop teleoperation system are given in terms of linear matrix inequalities. Comprehensive simulation studies are provided to demonstrate the effectiveness of the proposed control scheme.
I. INTRODUCTION
With the rapid development of space technology, marine technology, and atomic energy technology, advanced robots working in dangerous and unknown environments are urgently and greatly required. However, there still remain difficulties for fully autonomous robots working flexibly in such environments. Hence, teleoperation technology which can enable humans to extend their capacity to manipulate interfaces with better safety, at less cost, and even with better accuracy is receiving increasing attention in recent years [1] - [3] .
A typical bilateral teleoperation system is composed of a human operator, a master manipulator, a communication channel, a slave manipulator and a task environment. The master is operated by the human operator and the slave contacts the environment such that the remote operation can be completed. The data transmission between the master and the slave manipulators is realized bilaterally through the communication channel such that the teleoperation The associate editor coordinating the review of this article and approving it for publication was Jun Hu. becomes as transparent as possible. Numerous effective control schemes, including proportion+damping(P+d), proportion differential+damping (PD+d) [1] , direct force feedback [4] , adaptive control method [5] - [9] , predictive control [3] , optimal control [10] , [11] , intelligent control based on fuzzy logic [12] , [13] or neural networks [14] , [15] , prescribed-performance-based control [16] , [17] , etc., have been developed for bilateral teleoperation systems in recent years.
However, the manipulators considered in the aforementioned literature are all rigid. It should be noted that in many real applications, for example, space and surgical telerobotics, the use of thin, lightweight, and intrinsic safety manipulators with variable stiffness joints is demanding [18] - [20] . The control scheme designed for a secondorder rigid joint manipulator mentioned above cannot be applied for the 4-order complex flexible-joint manipulator directly. Hence, control studies for teleoperation systems with joint flexibility are significant. In [18] , the performance and stability limitations of a teleoperation system were analyzed under link or joint flexibility (tool flexibility) in the slave robot. However, the time delays were neglected in [18] . VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Communication delays are inevitable for teleoperation, due, for the most part, to large distances between the master and the slave manipulators, slow sampling rate, and congested networks [21] . It has been well-recognized that the delays would result in degraded tracking performance or system instability [1] . Up to now, various kinds of time delays have been considered in the control studies of teleoperation systems, such as constant delays, timevarying delays [7] , [21] , stochastic delays [22] , and jittering delays [23] . The classical approaches to deal with the delays are passivity-based approaches [1] , which are mostly based on scattering theory [24] and wave variable formalism [25] . Some other passivity-based controllers relying on damping injection [26] , were also developed recently. Nuño et al. [20] took the variable time delays into consideration for the flexible teleoperation. Furthermore, different kinds of stability analysis works were provided in [27] with flexible joint robot and variable time-delays. Yang et al. [28] took actuator fault and input saturation into consideration for flexible telerobotics with asymmetrical time-varying delays.
Along with another line, it should be noted there usually exist modeling uncertainties caused by inaccurate parameters of links, unknown load, etc. [2] . To deal with the dynamic uncertainties, adaptive control has been widely used in the control of teleoperation systems [5] - [9] . However, in these works, the position synchronization was achieved while the parameter estimation convergence was ignored. It is well known that the convergence of the parameters to their true values can improve system performance without parameter drift. To solve such problem, composite adaptive laws were developed in [29] and [30] , in which the zero convergence of the parameter estimation errors were guaranteed under the persistent excitation (PE) condition. Nevertheless, in practical control systems, PE condition is very stringent and infeasible. To relax the PE condition for parameter convergence, Pan et al. [31] proposed a composite learning robot control with interval excitation that is weaker than PE condition.
Motived by the above-mentioned facts, in this paper, considering time-varying delays, a new composite adaptive controller and a gravity compensation controller are designed for the teleoperation system which is composed of a rigid manipulator as the master and a flexible joint manipulator as the slave. For the master rigid manipulator, a composite adaptive control is proposed to handle the parameter uncertainties such that the parameter estimation error converges to zero without the PE condition. For the slave flexible-joint manipulator, considering the gravity compensation, the proportional plus damping (P+d) controller is designed to improve the tracking performance. By constructing appropriate Lyapunov function, it is testified that the teleoperation system is stable. Finally, simulation studies are given to demonstrate the performance of the system with the proposed control scheme in the case of model uncertainties and time-varying delays.
The arrangement of the remainder of this paper is as follows. Section II provides the problem formulation and preliminaries. The control design with gravity compensation for flexible teleoperation system is proposed in Section III. Composite adaptation strategy is provided in Section IV. Stability analysis is demonstrated in Section V. Illustrative results are provided in Section VI. Finally, the conclusion is drawn in Section VII.
Notations: Throughout this article, R, R + , R ≥0 , R n and R m×n denote the spaces of real numbers, positive real numbers, non-negative real numbers, real n-vectors and real m × n-matrices, respectively. L 2 and L ∞ denote the spaces of square-integrable and bounded signals, respectively. |x| denotes the Euclidean norm of x. λ min (A) and λ max (A) denote the minimal and maximal eigenvalues of the matrix A, respectively; A denotes the induced matrix two-norm of the matrix A. I denotes the unit matrix with appropriate dimensions. For notational convenience, the time index has been omitted in this paper.
II. PROBLEM FORMULATION AND PRELIMINARIES
The considered teleoperation system is composed of a rigid n-degree of freedom (DOF) master robot manipulator and a n-DOF slave robot manipulator with flexible joints. The dynamical behavior is governed by
where the subscript m or s represent the master, or the slave robot manipulator, respectively. For i = m, s, q i ,q i ,q i ∈ R n are the joint position, velocity and acceleration vectors of the master and slave devices, respectively. θ s ,θ s ∈ R n are the motor position and acceleration of the slave robot manipulator; M i (q i ) ∈ R n×n represents the inertia mass matrix; C i (q i ,q i ) ∈ R n×n embodies the Coriolis and centrifugal effects; G i (q i ) ∈ R n represents the gravity vector; τ i ∈ R n is the control torque vector. K ∈ R n×n is a diagonal positive-definite matrix representing the spring constant matrix in the slave's motors, J ∈ R n×n is the matrix of the moments in joint motors. τ h is the human force exerted to the master manipulator; τ e represents the environmental force in the slave side. Each robot in (1) and (2) satisfies the structural properties of robotic systems, i.e., the following properties:
P1. The inertia matrix M i (q i ) is a symmetric positivedefinite matrix, and satisfies
For any q i , x, y ∈ R n , there exists a positive scalar
The dynamics of the links are linearly parametrizable such that, for all x, y ∈ R n , where Y mo ∈ R n×p is a map of known function and φ m ∈ R p is an unknown constant vector with the manipulator physical parameters (link masses, moments of inertia, etc.). The following assumptions A1, A2 are necessary in this paper:
A1. For i = m, s, there exist positive constants h i and d i such that the variable communication time-delays
A2. The environment defines passive map from velocity to force, that is, there exists κ s ∈ R ≥0 such that, for all t ≥ 0,
III. CONTROL DESIGN AND THE CLOSED-LOOP DYNAMICS
This section presents the composite control design for the teleoperation system (1-2) with joint flexibility, uncertain parameters and time-varying time delays. The diagram of the proposed control scheme is illustrated in Figure 1 . As shown in Figure 1 , for the rigid master manipulator, an adaptive control with a new composite adaptation law is proposed to handle the parameter uncertainties such that the parameter estimation error converges to zero without the PE condition. For the flexible-joint slave manipulator, the proportional plus damping (P+d) controller with gravity compensation is designed.
A. THE SLAVE CLOSED-LOOP DYNAMICS WITH P+D CONTROL AND GRAVITY COMPENSATION
Consider the flexible-joint slave manipulator (2). Inspired by [32] , an auxiliary variableθ s ∈ R n is designed as
Then, the flexible joint robot manipulator dynamics (2) can be written as
Thus, a P+d-like controller with gravity compensation for the slave is proposed as
where k s and b s are positive constants. Hence, the slave closed-loop system is obtained as follows:
where the gravity is compensated in (9). VOLUME 7, 2019
B. THE MASTER CLOSED-LOOP SYSTEM WITH ADAPTIVE CONTROL
For the rigid manipulator (1) in the master side, dynamic parameter uncertainties are considered. Let
The synchronized error signal is defined as
where λ > 0 is a constant scalar. Using the property P4, one has that
Then the following adaptive control law for the master is proposed:
whereφ m is the estimate of φ m , 0 < K m ∈ R n×n and b m is a positive constant. Substituting the control law (14) into (1), we obtain the following closed-loop dynamics for t > 0:
whereφ m = φ m −φ m is the parameter estimation error.
IV. COMPOSITE ADAPTATION
Note that the closed-loop teleoperation dynamics can not be established unless the adaptation law of the parameter estimateφ m in (14) is established, which becomes the research emphasis in this section.
Using the property P4, we have
Let y mo Y mo φ m = τ h +τ m . It should be noted that the acceleration vectorq m which is usually not available for measurement is required to formulate the regressor Y mo (q m ,q m ,q m ) in the linear regression (16) . To avoid the usage ofq m in the adaptation laws, a filter ρ(s) = 1 s+β with β ∈ R + being a filtering constant and s being a complex variable, is applied to each side of (16), resulting in
where
] are in hybrid time-frequency domain notations. To facilitate the presentation, a lower bounded positive-definite matrix W ∈ R p×p is designed such thaṫ
where κ 0 , µ 0 are positive constants. From (18) and (19) , one has that ∀t ≥ 0, W ≥ κ 0 I . Construct an auxiliary z ∈ R p satisfying:
Thus, the parameter adaptation algorithm is proposed as follows:φ
where δ ∈ R + , 0 < ∈ R p×p , and ξ = e 
with
Combing (21) and (22), one has thaṫ
Thus, the dynamic model of the closed-loop teleoperation system is established by combing (9), (15) , and (24). Remark 1: Note that P(t) ≥ 0 for all t ≥ 0. However, the positive-definiteness of the matrix P can be easily guaranteed, for example, when the initial states of the master and slave robots are not the same, which is usually a real case in applications. In the following discussions, we assume that the matrix P(t) > 0 for all t > 0.
V. STABILITY ANALYSIS
The following theorem summarizes the stability result of the considered teleoperation system (9), (15) , and (24). (14) with the composite adaptation law (18) (19) (20) (21) and the controller with gravity compensation (8) , if there exist 0 < R m ∈ R n×n , 0 < R s ∈ R n×n and 0 < P ∈ R p×p such that the following linear matrix inequality (LMI) holds: 
Theorem 2: For the teleoperator (1-2) driven by the adaptive controller
Using the property P2, the derivative of V 1 along the trajectory of system (9), (15), and (24) iṡ
Calculating the time derivative of V 2 , we havė
The time derivative of V 3 is given bẏ
and the time derivative of V 4 is given bẏ
Calculating the time derivative of V 5 , we havė
where Jensen's inequality is applied, and
dσ . Now, choose the Lyapunov functional for the closed-loop system (9), (15) , and (24) as follows:
where a =
. Thus, we havė
Noting that, for any x ∈ R n ,
thus,V can be written aṡ
and is given in (25) . If τ h ∈ L ∞ ∩ L 2 , integrating both sides of (39) from 0 to t, we have that
Hence, we have that V ∈ L ∞ , and also
From (1) and (15) 
Then, by Barbalat's Lemma, lim (1) (2) driven by the adaptive controller (14) with the updating law (18) (19) (20) (21) and the controller with gravity compensation (8) with no external forces exerted, i.e., τ h = τ e ≡ 0, if there exist 0 < R m ∈ R n×n , 0 < R s ∈ R n×n , 0 < P ∈ R p×p such that the LMI (25) 
and (32) becomeṡ
By (25) and (42), we have thatV < 0 and V > 0. Hence, all the signals are bounded. Furthermore, by (36) and (42),
Thus, following the same line of the reasoning in the proof of Theorem 2, the conclusion in Corollary 3 can be drawn.
VI. SIMULATION
Consider a 2-DOF teleoperation system with the dynamics (1-2), for i = m, s, where
,
In the slave dynamics (2), J = 0.3I , K = 100I . The masses of the robots are chosen as m m1 = 1.5kg, m m2 = 0.75kg, m s1 = 2.5kg, m s2 = 1.5kg, the lengths of links for the master and the slave are chosen as l m1 = l s1 = 0.5m, l m2 = l s2 = 0.3m, and the gravity constant is g = 9.81N/kg.
The robots start with zero initial conditions, i.e., Firstly, we assume that the human operator injects a rectangle force depicted in Figure 2 in the Y-direction to the master robot and the slave robot is in the free motion. We obtain the simulation results shown in Figures 3-5 . Figure 3 shows that the joint position trajectories of the master and slave robot and the position error between the master and the slave. It can be seen that under the proposed controller, despite the presence of time-delays and the fact that the master has parametric uncertainties, when time evolves, position error converges to zero around the time t = 13s, which means the master and the slave achieve synchronization. Furthermore, the estimated dynamic parameters of the master are shown in Figure 5 , it is obvious that the estimated parameter φ m converges rapidly to its true value φ m . Secondly, the human operator injects the force as shown in Figure 2 to the master robot and in the slave side, there is a stiff wall at y = 0.6m in the environment. When the slave end-effector reaches the wall and moves further, the interaction force is 10000(y − 0.6)N. The simulation results as shown in Figures 6-8 are obtained. At Y-direction in Figure 7 , we find that the slave reaches the wall at around t = 7s, and then the slave can not move further anymore, while the master's end-effector moves further until it arrives at the position of the slave's end-effector. From Figure 6 , it is obvious that the system is stable in the presence of joint flexibility, dynamic parameter uncertainties and a high-stiff wall. It is also easy to find that the position error asymptotically converges to zero at around t = 25s after the human and the environment forces become zero.
VII. CONCLUSION
In this paper, considering the gravity compensation in the flexible slave manipulator, a composite adaptive control scheme which guarantees the joint position error and the parameter estimation error asymptotically converge to zero has been proposed. Via the designed Lyapunov function, the stability criteria of the closed-loop system are provided by LMIs. The above theoretical results have been demonstrated by comprehensive simulation studies. It has been verified that the flexible teleoperation system under the proposed control scheme exhibits great control performance. Future work will include the composite adaptive control design of multilateral teleoperation systems with joint flexibility, time delays and scheduling protocols.
